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ij — 45 where tlu- ,she:ir stilTncs.se.s of both ihe lam- 
ina and ihc laminate arc lari;fsi, tlie stiffness of the 
laminate is more than 3.5 times tliat of the lamina 
for tile earbon/epoxy iiniler consideration. Tlie re- 
sults clearly indicate that ±45 ' liber oilenialions are 
desirctl in strtictiires reqiiirint; higb shear si iffness. 
.SVeSllHAK. 

Coefficients of mutual influence. For anisotropic materi- 
als such as fibrous composites, there are additional 
importani tngineerini; properties that describe ma- 
terial behavior. These properties are calletl coeffi- 
cients of miilual inlhicnce. They are similar to I'ois- 
son's ratios in thai they provkle an iiidicalion of the 
couplint; between normal ami shear components of 
strain. This type of cijuplint; is not present in iso- 
tropic materials. One of the coefficients of mutual 
intluence for iinidirectifjnal olT-axis lamina of two 
diffea-nt materials {T,^t)n/S2()S carbon/epoxy and 
S(;S6/Ti- 1 5-3. a metal matrix composite) is tlie ra- 



■sheai 



■applied SI 



arj;e 



plini; liel 
as large a 



the axitil direclion. 'I'lie most sit;nilicaiil fealiires 
the results arc that the coefficient exhibits vai 
gradienls and ma.miitutles for llie carbon/epoxy in 
the vicinity of (J = ±12 . and that thei\' is a major 
difference in maximum values lietwccn the two ma- 
terials. The coeflicieiu of mulual inlluence can be 
nearly twice as large as Hofssoii's ratio. Thus llie coii- 

hc coupling between axial ani.1 lrans\'erse 
response f<ir unitlirei'lionai lamina. The effective eo- 
effieienl of mutual inlluence is zero tor angle-ply lam- 
inates becau.sc Ihc +0 and -tl liberorientations have 
the effecl of offsetting one another 

Laminate design. A witle variety ofelTective material 
properties can be obtained with one type nf fibrous 
composite simph' through changes in tliesiacf-ingar- 
rangement (layer thicknesses and tiber orientations 
of the indiviLlual layers)ofthe laminate, l-iir example, 
changing the type of composin- provides even more 
variety in the properties. Thus, material properties 
of the laminate can be tailoretl, This is a very impor- 
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Coefficient of tliermai expansion. I he 

■flicients of thermal expansion 
hrougli changes in the stackin 
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given carhoii/epoxy. Tlic coeflieient of i hernial ex- 
pansii in is ilie strain associated with a change in Lem- 
peraliire of 1 . jMost materials h;ive positive coeffi. 
cients of expansion and thus expand when heateil 
and contract when cooled. The effective axial coclft. 
cieiii of ihermal ex|iansion of the carbon/epoxy eati 
be positi\'e, negative, or zero, tlepeinling tipon the 
laminate configuration. Laminates with zero eocffi- 
cieni n\' ihermal expansion are ]5artieularly impdr- 
tant because they do not expand or contract when 
exposed to a temperature change. Composites with 
zero (or near zero) coeflieient of thermal expan- 
sion are therefore good candidates for application 
in space structures where ihe temperature cliaiij;c 
can be 500 F (from -250 to +250 T) |27H C(fr()ni 
-157 to ±12r'(;)| during an orbit in and out of the 
Sun's proximity. 'I'here are many other applications 
where thernuil expansion is a very import;inl consid- 
eration. Carl T. Hetakovich 
Bibliography. .S. fi. IJong, K. S. Pister, and R, L 
Taylor, On the theory of laminated ani.sotropic shells 
and plates,^ Acmsp. 5c;., 29:969-975, 1962; CT. 
Henikovich. Mecbauics of Fibrous Co i ii/x is ites, John 
Wiley, New York, 1998; O. Kirchhoff. ,/ / ito/i, 
{Civile), nd. -lO. 1850; K. .S. Pister and S. B. Doiii!, 
Elastic bending of laycretl plates, y. liiiii. Mecb. Dir.. 
ASCH, EM 1:1-10, October 1959; E. Rcissncr and 
Y. .Slavsky, Hending and strelching of certain types 
of heterogeneous aelotnjpic elastic plates, ./ Alipl. 
Mecb.. ASME. 2S: 102- i08, 1961. 
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A material system composetl o 
nation (d' iwo or more macroeonstittients I hat dillw 
in form or material composition and are esscntiiillv 
insoluble in each nilicr. This definition is considctcJ 
to be loo broai.1 by some engineers because it i"' 
duties many iiialerials thai are not usually thcJtigW 
of as composites. For example, in many of tlK 
particulate-rj'pe ei.mposiies. such as dispersiiin- 
haixlened alloys and cermets, the coniposilc striit- 
Uire is niicroscopie rather I ban macroscopic. Als"- 
this dehnition does not draw the line between com- 
posile materials and composite sLrtictiires. Kowtv-'r. 
instead of trying lo eslahlisli a ilislinclion bctwrt" 
maierials and structtires, it is more useful to n'^i'^'^ 
a distinction between mill coniposiies (-uch a.s n""' 
metallic laminates, clad metals, and honeycomb) ii"_ 
s|u-cially coniposiies (sueli as tires, rocket n"' 
cones, and glass-reinforced plastic boats). 

Constituents and Construction 

In principle, composites can be ct)nslructed of 
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ig to enclose the composite and give it [■)itll< 
Major sti-LiclLiral constlttieius ai'c fibers, parti- 
laminae or layers, tlalv-es, hilers, and matrices, 
determine tlic internal structure of the com- 
;. Usually, they are the additive phase. 



■the dilT 



interfae 



■I added 



and the 
e together. 



; conibiiietl, there 
,t ,i,ay simply he a 

forming the enmnion boimdary of the c 

rboiindaries in monolidiic jnatcrials. In 
('Ipwcver, Che conilgtious region is a di? 
.pliasc, called an interphase. Uxamples ;i 
-' ■ in rcinlbrced plas 
tadliesive that bonds the layers of a laminate 
'fhett such an interpliase is iircsenl, there 
■tcrftices, (me between the matrix and the 
"and one between the fiber and tiic interf;i 
Interfaces are among the most iniporiai 
-undersLood cotitponems of a composite n 
'{larticular, there is a lack of understanding of pro- 
cesses ticcurring at the atomic level of interfaces, 
land how these processes influence the global mate- 
rnal behavior. I'here is a close relationship between 
^processes that occur on the atomic, micro.scopic, 
liind macroscopic levels, In fact, knowledge of the 
s occurring on these tlifferent lev- 
imderstanding the n 
. Interfaces in comi^osites, oftc 



considered as surtiiccs, are in fact /.ones of eoni)-)o- 
sitional, structural, and property gradients, t)'pieally 
\':ir>ing in width from a single atom layer to micro- 
meters. Characterization of the nieehanieal jiroper- 
ties of Lnterfacial zones is neeessai-)' Ibr undei-sland- 
ing mechanical behavior 

Nature and performance. Several classification sys- 
tems for composites have been developed, including 
cUissificalion by { 1 .) basic material combinations, tor 
example, metal-organic or metal-inorganic; (2) bulk- 



charat 



3) distribution of the eoiistituen 
)r di.seontinuous; and (4) ftii 



;an,ple, 
■fliere ; 



iSlfical 



erpha 



•rial. In 



basic material combinations: (1) fiber composites, 
composed of (ibers with or without a niairix: 
(2) Hake composites, composed of Hat Hakes with 
oi- without a matrix; (3) particulate comjiosites, com- 
loosed of particles with or wilhoul a matrix; (4) filled 
(or skeletal) composites, compo.sed of a contimi- 
oiis skeletal matrix filled by a second material; and 
(5 ) laminar composites, conifiosed of layer or lami- 
nar constituents. 

There is al.so a classification based on dimensions. 
The dimensions of some of the components of com- 
ai-y widely and overlap the dimen- 
sions of the microstructtn-al featti 
con\ entional materials (Fig. 1). They r;uige from ex- 
lall pai-ticles or fine whisker.s to die large 
particles or rods in reinforced concrete. 
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See CRYSTAI. WHlSKIiRS; UHIM-OKCEO C( (NCHETi;. 

The behavior ami properties ol' compusitt'S ure 
determined by the composition, form and arrange- 
ments, and interaction between the constituents. 
'I he intrinsic properties ol' the materials of whicli 
llic constituents are composed largely tietermine the 
general order or range of properties of the com- 
posite. .Slructui al and geometrical characterislics — 
that is, the shape antl size of the individual con- 
stituents, their slriielin-ai arrangement ant! distril-iti- 
tion, and the relative anitmni ofseach — coniribtiie 
to overall perfonnance. Of fitr-reacfiing importance 
are the effects produced by the combination and in- 
teraction of the constituents. The basic principle is 
that by using different constittients it is pos,sible to 
obtain combinations of properties and property val- 
ues that are different from those of the individtial 

A performance index i.s a property or group of 
properties that mea.siires the clfectivcncss of a mate- 
rial in performing a given function. The values of per- 
formance indices for a composite differ li'om tho.se 
of the constituents. 

Fiber-itiatrix composites. Fiber-matrix composites 
have two constituents and usually a bonding phase 
as well. 

Fibers. The perft^rmance of a fiber-matrix compos- 
ite depends on orientation, length, shape, and com- 
position of the fibers; mechanical properties of the 
matrix; and mtesiritv ol tlie bond between libers and 
matrix. Of these, orientation of the libers is perhaps 
most important. 

Fiber orientation determines the mechanical 
strength of the composite and the direction of 
greatest strength. Fiber orientation can be one- 
dimensional, planar (two-dimensional), or three- 
dimensional. The onc-dimensional type 1i;ls maxi- 
mum com|iosile strength and modulus in the 
direction of the liber axis. The planar type exhibits 
different strengths in each direction of liber orien- 
tation; antl the three-dimensional type is i.sotropic 
btit has greatly decrca.scd reinforcing values. T'hc me- 
chanical properties in any one direction are propor- 
tional to the amotint of fiber by volume orientetl in 
that direction. As hber orientation becomes more 
t~andom, the mechanical properties in any one direc- 
tion become lower-. 

Fiber length also impacts mechanical properties. 
Fibers in the matrix can be eitlier continuous or 
short. Composites made from short libers, if they 
could be properly oriented, could have stibslantially 
greater strengths than those made from continuous 
libers. This is particularly irtie of whiskers, which 
htivc uniform liigli tensile sirenglhs. both short antl 
long hbers are also called chopped libers. Fiber 
length also has a bearing on the proeessibility of the 
composite. In general, continuous libers are easier to 
handle btit have more tiesign limitations than short 

Bonding. Fiber composites are able to withstand 
higher stresses tlian their individual con.stituents be- 
cause the fibers and matrix interact, restilling in re- 



distribtitii.>n of the stresses. The ability- of constituents 
to exchange stresses dcpenils on the effectiveness 
of the coupling or bonding between them, lionding 
can sometimes be achieved by direct contact of ti^, 
two phases, but usually a specially treated fiber mtist 
be tised to ensure a receptive adherent stirface. 'n^js 
ret|uirement has letl to the development of fiber fij). 
ishes, known as coupling agents. Both cheinicaland 
nieclianical bonding interactions occur forcoupUnc, 
agents. 

Voids (air pockets) in the matrix are one cause of 
failure. A fiber passing through the voiti is not sup. 
ported by resin. IJntler loati, the liber may buckle 
and transfer stress to the resin, which readily cracks. 
Another cause of early failure is weak or ineomplctt: 
bonding. 'Fhe fiber-matrix bond is often in a state of 
shear when the nialerial is tinder load. When this 
boiul is broken, the fiber separates from the ma- 
trix and leaves disconlinuities that may cause fail- 
ure. Coiipiing agents can be used to strengthen these 
bonds against shear Ibrces. See SHEAR. 

Reinforced plastics. Probablv tlie greatest potential 
t<)r lightweight high-strength composites is rcpre- 
.sented by die inorganic (iber-organic-matrtx com- 
posites, and no composite tif this type has piwed 
as successful as glass-fiber-reintbrced plastic com^ 
posites. As a group, glass-tiber-plastic compo.sitci 
liave the advantages of gooti phvsical jiropertrcs. in- 
cluding strengdi, elasticity, impact re.sistance, and 
dimensional stability; high strength-to-weight ratio;' 
good electrical properties: resistance to cheinical 
•attack and outdoor weathering; and rcsistatice 
to moderately high tetuperatures (about 260°C or 
SOO F). ^^ 

A critical factor in reinforced plastics is 'h'^-. 
strength of the bond between the liber and the poljV '^ j^*-'^" '1' 
mer matrix; weak bontliiig causes liber piilloul aiul; 
delamination of the structure, particularly under ail- 
verse environmental conditions. Bonding canbcitn- 
proved by coatings anil the use of coupling agi-'Uls. 
Class libers, for example, are irealetl with silaiie 
(SiH,) for improved wetting and bonding bet^^'e?"? 
Ihe liber antl the matrix. 

Generally the .greatest stiffness and strengtb infC-: 
intiirced pla.stics are obtained when the libers 
aligned in the direction of Ihe tension force. Otll? 
propcriies of the composite, such as creep i*'"' 
lance, Ihermal antl electrical eonductiviiy, antltl'"^; 
m;il expansion, are anisotropic. The tninsversc |'i?P-' 
erties of sueli a unitlirectionally reinforced stiiicf'ff, 
are much lower than the longittidinal. Seven 
chanical antl thermal properties are of direct in'^' 
est in assessing Ihe poiential of a new compo''''' 
tiensity, motlukis, strength, toughness, thermalC* 
ductivity, expansion coenicieiu, antl heat 
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Advanced Composites 

Advanced composites comprise structtiral 
that hiive been develoiied for liigh-technoli 
cations, such as airframe stnicttires, for which 
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jjjjtcrials arc not sufficiciuly .sliff. In ihfSf nialerials. 
-jircjnely sliff and siroiig continiioiis or iliscontinii- 
jjjis fibers, whiskers, ur small partifk-s art- dispc-rscd 
jjjtlif malrix. A minibcr ol' nuiLrix malt-rials arc avaif 
jbit- including carhtin, cci-aiiiics, glasst^s, mclals, ami 
polymers. Advanced C()ni]i{)silf s piisst-ss cnhancctl 
(jfl'ncss and lowt;r tlensiry compared to libcr-ghiss 
iiicl conventional moiiolithic ivialcrials. Wliik- com- 
posite strength is primarily a riinctioii of Hit- ri^in- 
forcenicni, the ability o( ibe matrix to support tbe 
libcrs or panicles antl to transfer Io;id to the rciii^ 
jbrceiiiciil is etiually inijionani. Also, the malrix li'e- 
(^iiftitl)' dictates service contliiions, for example, tbe 
(ipj)ei' lempcratiirt limit of the coiiijiosiie. 

Reinforcements. Continuous lilanieiitary nialerials 
Ihiil are used as reinforcing constituents in advancetl 
composiies are carbonaceous fibers, organic fibers, 
inorganic libers, cenimic libers, and nieial wires. 
iiifinving inorganic materials are usetl in the form of 
(liscontiniioiis libers and wbisf ers. .See STKtlNt. Tl-I ( )f 
jUTHKIAfS. 

Carbon and graiihile libers offer high modnlusand 
the liighesi .sirengih of all ivinforcing fibers. These 
fibers arc producetl in a pyrol)'s is chamber from tl ii-ee 
(liftcrenl prccur.sor nialerials— rayon, polyacn'kMii- 
trile (PAN), and pitch. High-niotliiliis carbon fibers 
are available hi an array <if yarns and buntlkis of 
coittLniiotis filaments (tows) with diflerins' moduli, 
strengths, cross-sectujnal areas, twi.sts, and plies. 

-iCt'CARBOK; flRAPHITF. 

Almost -any polymer fibt.r can be used in a com- 
posite structure, bin the firsi one with high-enough 
tetLsile modulus and strength to be used as a rein- 
foteeiiient in ativancetl composites was an ariimid, 
or aromatic polyaniide, fiber. Antniid fiber.s have 
hcenthc predominant organic reinforcing fiber; g!~i- 
-pllilc is a close secontl. See MASWACl'UmD fllMiK; 
POlYMi-R. 

Tlie mo.st importani inorganic contintioiis libers 
fnrrcinforcement of advanced composites are boron 
JnO silicon carbide, btrth of which exhibit high stiff- 
iics,s, high strength, and low density. Continuoirs 
fillers are made by chemical vapor deposition pro- 
cesses. Other inorganic compoiuids that piovrde 
Stiff, .strong tlisconlinuous libers tlial predoniinale 
"s rtinforccmcnts for metal mati'ix com]-)o,sitcs are 
silicon carbide, aliiniintiin oxide, graphite, silicon 
nitiitle, titanium cai'bidc, and carbon carbide. Sec 
IIORON. 

fclycrysuilline aluminum oxide (AljO^) is a com- 
Heicuil contiiiiious fiber thai exhibits high stiffness, 
''igh strength, high melting point, and exceptional 
'distance to corrosive environments. One method 
'o produce the libers is drv spinninu followetl hv 
hc;u iT-eatment. ■ ' ^ 

"^lliskers are singk: crystals diat cxhibil librous 
'^''Wacterisiics. Compared to continuous or tliscon- 
''"iious polycrystalline fibers, they exhibit excep- 
''oiiully high slrengdi and stiffness. Silicon carbide 
^'liiskers are prejiared by clieniieal processes or by 
i'l'i'^lysis of rice luills. Whiskers made of aluminum 
""'dc and silicon nitride are also avLiilable, Parlicu- 
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kites VM-y vvidel)' in size, clianicteristics. and func- 
tion; and since particulate composites are usually 
i.sotiopic. dieir tlisiribuiion is usually random i-aUier 
than controlled. .See I'S-R()|,>-SIS. 

Organic-matrix composites, in man\' ativaneed 
composites the malrix is organic, but metal niau-i- 
ccs are also usetl. Organic matrix material arc lighter 
than meials, atlhere better to the libers, anil til'ter 
more flexibility inshaping and formiiig. Ceramic ma- 
tr-ix composiies, carbon-carbon comiiosites, and in- 
termelallic mairix composiies have applications 
where organic or metal malrix systems are unsuit- 
able. 

Materials, l-lpoxy resins have been ust:d extensively 
as the mairix material. However, bisnialeinikle resins 
and polyiniide resins have been tleveloped to en- 
hance in-service lemiieralures. 'rhermoplastic resins, 
polyctherketone, and ]iolyphcnyIene sullide are in 

■fhe continuous reinforcing libers for organic ma- 
trices are available in ilie Ibrnis of monolilaments, 
niullililLimeni fiber buntlles, unitlirectional ribbons, 
roving (slight ly iwisietl liber), and single-layer and 
miillila\'cr fabric mats. Frequendy. the continuous re- 
inforcing fibers and malrix resins are comijined into 
a iionfinal form known as a prepreg. 

F^ibricntion. Many prticesscs are available for tbe fal> 
rication of organic malrix composites. 'I'he lii'st pro- 
cess is contact mokling in order to orient the uni- 
tlirectional layers at discrete angles it) one an<ither 
Contact molding is a wet method, in which the re- 
inftircemcnt is impregnated with the resin at the 
time of molding. The .simplest method is hand 
lay-up, whcrebx' the nialerials are placetl antl formed 
in tlie mold by hand and the squeezing action expels 
an)' tnippecl air and compacts the jiart. 

Molding may also be done by s|iraying, bul these 
processes are relatively slow .and labor costs are high, 
even though they can be automated. Many types of 
boats, as well as buckets for power-line servicing 
equipment, are made by tins process. 

Another process is vacuum-bag moltling, where 
prejiregs are laitl in mold to form the tlesireti shape. 
In this case, ihe pressure ret|uiretl lo form ihe shape 
and achieve good bonding is obtained by covering 
the lay-up with a plastic bag and creating a vacuum. 
Ifadtlitional heat and pressure are desired, the entire 
a.s.sembly is jiul inlo an auloelave. In oriler lo prevenl 
the resin from slicking to the vacuum bag antl to fa- 
cilitale removal of excess re.sin, various nialerials are 
placetl on top t,)l the prepreg sheets. The molds can 
be made of metal, usually aluminum, hut more often 
are niatle from the .same resin (with reinlorcemenl) 
as the material lo lie curetl. 'I bis eliminales any prob- 
lem wilh tlifi'erential thermal expansion between the 
moid and the part. 

In likiiiienl vviiitling. the resin antl libers are com- 
bined at the time of curing. ,\xisymraetric parts, such 
as pipes and sioni^^e tanks, are produced on a rotat- 
ing mandrel. The reinl'orcing lilamenl, cape, or roving 
is wi'apped continuously round the form. The rein- 
ftjrcements are impregnated by passing them 
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through a polymer baih. IIoWLVcr, ihc process can 
be modificLl by wrappinR the mandrel with prepres; 
material. The products made by lilament windini; are 
very strong because of their higlily reinlbreed striic- 
iLire. I'or example, filament winding can be used tli- 
rectly tn'er solid-i-ocket-propellani I'orms. 

Ptiln-usion is a process tised to produce long 
shapes with con.stant iJiotiles, such as rods or tiili- 
ing, similar to extrtided metal products. Individual 
fibers are often combined into a tow, yarns, or rov- 
ing, which consists of a number of tows ur yarns 
collected into a parallel bundle wilhotil |T,visting (or 
only slightly so), f llamenls can also be arranged in 
a parallel array called a tape and held together by a 
binder. Yarns or lows are often processed further by 
weavitig, braidljig, and knitting or by forming them 
into a shcctlike mat consisting of randomly orienied 
chopped fibers or swirled coniimions (ibcrs held 
logcther by a binder. 

Weaving to ]5i'oduce a fabric is a very etfcctive 
means of introducing fibers into a composite. There 
are five commonly used patterns (Mg. 2). .■\lthough 
weaving is usually thought of as a two-dimensional 
process, three-dimensional weaving is often eiiip- 

Knittitig is a process of inlcrlooping chains of 
tow or yarn. Advantages of this process are that the 
U)w or yarn is ni)t crimped as happens in weav- 
ing, and higher mechanical projierlies arc often ol> 




1 the reinforced product. .Mso, knitted fati. 
rasy lo handle and can be cut "'ithout fallin,, 
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In bi-aidiiig, layers of helically wound yarn or tow 
are inlerlaeeti in a cylindrical shape, and intcriocks 
can he produced al every inicrsectioii of fibers. Diir- 
ing the pn)cess. a mandrel is fed through the cen- 
ter of a braitling machine at a tmiform rate, and the 
yarn or low from carriers is braided around the man- 
drcl at a conlrolled angle. 'I he machine operates like 
a maypole, Ihe carriers working in |iairs U) accom. 
plish Ihe over-and-uniler setiuencing. fhc braiding: 
process is most effective for cylindrical geometries. 
It is tised for mi.ssile heat shields, lightweight ducts 
fiuid-scaling components such as packings and slecv- 
ings, and tubes for insulation. 

Carbon-carbon composites. A carbon-carbon com- 
posite is a specialized material nunle by rciiifori:-; 
ing a carbon matrix with continuous carbon fiber, . 
I'his type of composite has omstanding properties ^ 
over a wide range of temperatures in both vaciiuiti 
and inert atmospheres. It will even perform well 

at elevated temperatures in an oxidizing environ- 

nicnt for short times. It has high strength, niodiili|s,^ over 



) 2()()0'x; (36()n'T); high thermaf 
conductivity; and a low coefficient of thermal ex- 
pansion. A material with such properties is excel- 
lent for rocket motor nozzles and exit cones, wliich 
require high-temperature strength as well as rcsiy^^j 



o thermal shock. Carbotvcarbon coiniKwiles,; epical ex 



Fig. 2. Common weave patterns: (a) box or plain weave, 
(i)) basket weave, (c) crowfoot, (d) long-shaft, and 
(e) leno weave. 



are also used for aircraft and other high-pertbrmantc ; 
br;ilie applications that take adviintage of the fact tliai,: 
carbon-carbon composites have the highest energy-- 
absorption capability of any known material. If. a; 
carbon-carbon composite is exposed to an oxygeiiv 
containing atmosphere above 600 c; (I KXfF) for;iiij 
appreciable time, it oxidizes, and therefore 
be protected by coatings. 

Metal-matrix composites, .vietal-inairix conipositev 
are u.sually made with alloys of aluminum, mayiie- 
sitim, or titanium; and the reinlbrcement is typically J 
a ceramic in the form of particulates, platelets 
wliiskcrs, or libers, although other systems may hci 
used. Metal-matrix composites are often classified J-?, 
discontiiuiiuis or continuous, depending on the gt* 
ometry of the reinforcement. Particulates, platelet.S 
and whiskers are in the discontintious catcgor)' 
while the contiinious category is reserved for libers , j 
and wires, 'i'lie type of reinforcement is im|iortaiii-iii ' 
the selection of a mclal-mairix composite, beeafi?f-'. 
it determines virtually every aspect of the pnKlut'', 
including mechanical pro]X-rtieS. cost, and proeei-^ 
ing method, fhe primary methods for pnKes-'"-*^ 
of discontinuous metal-matrix composites are p"^^ 
der metallurgy liciuid metal infiltration, squeeze ('r, 
pressure cast ing, and conventional easting; hovvevcf.,.^^ 
most of these met hods do not result in finished P*'^^4 
Therefore, most discontiinioiisly reinforced nic'' 
inalrix composites require secondary P''^'''^*'^. 
which includes conventional wrcnight mewu ^, 
operations such as extru.sion, forging, and '''^""l;^! 
standard and nonstandarti machining operatioii- , . 
joining technii.|ues such as welding antl br. • 



giis. tJirt 
ialcenrlr 

[Ceramic , 



K silicon 
carbli 
•Sign of t 



araph 
tbll( 
|-20 vol 
PPa (10 
i:ture to 
nanoet 
iiKtic ; 

m'c: ■ 

,ii:i.scd ot 
K ceniii 
leii into 
nano/i 
3) c:i 
Scofdi; 



f nindon 
if "iilicoi 
MIK cinl 

H^lumina 
Gerties 

I'lofthe 
lisker le: 
5l.hundn 

1?-' cJeteiT 

I Or the i 



Composite material 513 



^j^,^ liKA/.lNO; MACHINlNf 
,|[rTAU-LII«"'Y; WULDING A 



■locks, 
Dil^: 
- ceri- 
'tlthe 

:sUkc' 
tcom, : 

etries. 
ducts, 
sleey^;, 

infort- ; 



lertjiar:. 



positesv 
Diagne-j; 
jpicalV': 
atelctSj^!'; 
may he J 
iLfiedaii'; 
the ge; 
atelels,^; 
Ltegoiy 
■r fibers; , 
rl;uili'] 
lecausr;' 
rocluctr- 
iroccss- 
cessing, 
repo*- 
eczeo' 

■d parts- 
1 meial- 



MKTAI. CASTrNC; I'OWrjI-H 
1) (:i "n ING OF METALS. 

Mel M. Schwartz 
Ceramic-matrix composites, in gciR:ial. cxrainit-s 
[nittlf cnginecrin}; materials with liiiiilcd rcliabil- 
lirhtlencss is connccltcl willi the slruclurt: and 
■j,(;niicul bonding of the main toiisliliicnt.s, and reli- 
is connected with the stochastic character of 
ntain pha.scs and defect distribution within tlie poly- 
^fjistalline ceramic body. In .s|iile of ibe generally 
[llpli strength, hardiics.s, and clK-iuical antl .shape sla- 
'j,l|ity of ceramics, diese two negative properlies tli.s- 
ijiialily their wider applicalion in industry, (jcraniic- 
(ititrix comp<witcs arc dtisigncd as niaierials wiih 
higher fracture resistance Cless hrllllcness), higher re- 
liability, and in particular cases higher strength com- 
pared to monolithic ceramics, 'fhese attribiiies are re- 
quired for high technologies, especially in the 
jircfiift, automotive, engineering, and energy Indus- 
b. Si't' liRriTLENHSS; <;!;kamic;s. 
Ceramic composites arc maicrial.s with at least 
;t\vo constiliicius, tlie ccrainic-inatrix phase aiul 
reinl'orcing-toughcning filaments. The lilamenls 
cover a wide range of dimensions, from nanoinclii- 
i, through tiiicro-whisker.s, to fibers that are sev- 
. cral centimeters to a lew meters long. 
* Ceramic nanocomposites. These composites have at 
ast one of the main constituents at the nanome- 
ter .scale (from one to several hundred nanometers). 
Typical examples of such ceramic nanocomposites 
'anesilicon carbide-silicon nitride CSiCASi^N.i) and sil- 
.;arbide-alumina (SiC/Al203). IJenelus from the 
^design of the.se materiafs Lire better mechanical prop- 
temperature or liigh temperatLirc, as 
well as improved electric and magtietic properties. 
ypcNANOSTRl.CTURE. 
Lxaniplcs of some properties of nanocomposites 
■e as follows: A SiC/Si^N,, nanocompositc cotituin- 
jng 20 vol % SiC has a bending strength greater than 
' -Gl'a (lOOOO atm) up lo 1-U)() 'C C2552'F), and ii 
|ractiii-c toughness of 7 Ml'ii-m"-. Silver-ferrite ox- 
ide iiaiKjcompo.sitc (Ag/rc;,(lO exhibits a siipcrpara- 
;nianiietic state at temperatures greater than 100 K 
' -m\:; -280"F). 

Based on distribution of nanograins within the ma- 
-trLx, ceramic nanoconii^osiies c;in be formally di- 
vided into intni type, inter type, inlra/inlcr type, 
^ nano/nano type. The SiCASi^N,, nanocompo.site 
(I'ig. ?>) can be ctnisidercd an inira/iiiter t\'pe, be- 
jpiuscof di.slribution of SiC: grains al grain boundaries 
^swcll as williin the Si.,N.i grains. 

telet-reinforced composites. 'I'his cerainic coni- 
,P*iie contain,s whiskers or platelets. The whiskers 
nindomly distributed within the compcsite ma- 
Silicon carbide or silicon nilride whiskers are 
■'dually embedded in a silicon carbide, silicon nilride. 
*alumii:a matrix. Improvement of the mechanical 
l*"Pcrties of these composites is reached by ilissiiia- 
''Oilofthe crack tip ener.gy on a whisker or plaielel. 
*liisker length varies between .several micromeiers 
y hundreds of micromeiers. A typical parameter 
tletermines a whisker shape is the aspect ra- 
*i or the length-io-thickness ratio. Platelets are sin- 



gle- cryslals of Hake shape. T'heir aspect ratio is the 
diaineter-to-lhickne.ss nitio. Despite lower effectiv- 
ily of plaleleis in dissijialing crack tip energy com- 
pared to I he whiskers, I lieir application is forced dtie 
lo the environmental niiacce|'>tabilily of wliiskers. 
The bending strength of .Si^.N JS't^N., ceramics is 0.8- 
1 (IPa (.SOOU-IO.OOO atm). and fracture toughness is 
(i .VlPa m' '' at room temperature. 

Ceramic fiber-matrix composites. In principle, these com- 
]iosites are similar lo liber-nialrix composites. The 



if fibers, the ii 



ces, antl the proc 

The typical examples of libers are ihc silicon car- 
bide or alumina libers. Fibers are polycrystalline ma- 
terials with liigh tensile strength. Silicon carbide hber 
tensile strength for 1 li-Nicalon-S fiber is greater than 
3 Cl'-a (30,000 aim). 

.Silicon carbide, silicon nitride, and alumina ceram- 
ics are ij'jiically usetl as Ihe matrices. C^arbon as a 
constituent cjf these composites is also used either 
in the form of libers or as a matrix. 

■fliere are .several processes of embedding the con- 
linuous libers into the ceramic mairix: polymer im- 
pregnation and pyrolysis, slurry impregnation and 
hoi pressing, ;md chemical vapor infiltration. 

These materials exhibit a high tensile strength 
when the fibers are oriented in the direction of the 
lensilc force, and a very high work of fracture, which 
means a high fracture louglmess. Por example, the 
tensile strength of a SiC/Si^N., composite is 0.5 GVu 
(5000 atm), and the Intel are toughness is 
26.5 Ml^i-tn' -. 

Laminate/layered ceramic composites. These 
composites consist of two or more different o 
sheets which are reiieated several lime.s tlirottgh the 
centmic body These materials arc usually produced 
by tape casting in order to built the ceramic "green"' 
body, which is densified by hoi pressing orga.s pres- 
sure sintering. T he pfi,>perties of this type of cera- 
mics are laighly anisotropic in different directions, 
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Fig. 3. Scliematic of a SiC/SiaN, nanocomposite. This 
microstructure consists of silicon carbide inclusions within 
silicon nitride grains, and silicon carbide grains 
the grain boundaries. 
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)1' silicon nitridf-bas 
I particular cases cxci 



parallel and perpendlcul 
layers c:m differ by com 
cure. Meeliaiiical propert 
layered composite arc i 
cional; for example, a bending strength of 1.2 CV;\ 
(12.000 atm) and a fracture tnughness of 1 0 MPa-ni'''- 
are reported. See SlN'l l'HING. 

Layered materials offer a possibility lo design 
materials with multiftinetions, exhibiting excellent 
nieclianieal properties and improved eleetrieal. iber- 
maf or magnetic pro|x-rties. Pavol Sajgalfk 
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ComponenLS fabricated from advanced organic- 
matrix-fiber-reinlbrccil composites arc u.sed exten- 
sively on conuncrcial aircraft as well as for military 
transports, fighters, and bombers. The propulsion 
system, which includes engines and fuel, makes up 
a significant fracdon of aircraft weight (frequently 
50%) and musl provide a good thrii.st-to-weight 
ratio and efficient fuel consumption. The primary 
means of improving engine efficiency are to take ad- 
vantage of the Iiigh specific stiffness and strength 
of composites for weight reduction, especially in 



v\hci 



:ctly a 



s both stress levels and critical dynamic 
ics, such as natural frcqticncy and flutter 



chara( 

Composites cott.sisting of resin matrices reinforced 
with di.seontinuotis glass fibers and couliinious-gla.ss- 
fibcr mats are wiilely used in truck and autotnobile 
components bearing light loads, such as interior and 
exterior panels, pistons for diesel engines, drive 
sliafts, rotors, brakes, leaf springs, wheels, and clutch 
plates. 

The excellent electrical insulaiioti. formability, aiul 
low cost of glas.s-liber-reinforced plastics have led 
to their widespread ii.se in electrical and electronic 
applicaiions ranging from motors and genei-ators to 
antennas and printed circuit boards. 

Cotnposites are afso used for leisure ami sporting 
products such as the frames of rackets, fishing rods, 
skis, golf club shafts, archery bows and arrows, sail- 
boal.s, nicing cars, and bicycles. 

Advanced composites are used in a variet)' of other 
applications, including cutting tools for machining of 



ralloys and c 
applicat i(jr 
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ittitnic the properties of human bo 
vclopment of biocompatible prostl 
placements and joint implants. In t 
posites are iiscil as replacements li 



cements and cables for suspension bridges. See}.u 

TiiKiAts sc:iuNCEAM) fiNciNiiiiniNc-. Mel M, Schwart? 
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Composition board 

A wood product in which tlic grain structure of the 3 
original wood is di-astically altered. Compo.sitioii 15 
board may be divided into several types. When wood , a 
serves as the ntw material tor chemic;tl processing, | 
the resultant product may be insulation board, liarti-.^ 
boartl. or other pulp product. When the wood 
broken down onl)' by mechanical means, die rcsul- j; 
tant product is particle board. Recaiise compositioi 
board can use waste products of establisbetl wood.J 
industries and because there is a need ti 
ketahle uses for young trees, manufacture of compo-'a 
sition board is one of the most ra|>idly developiiig,| 
portions of the woo<.l industty See PAPUK. 

Fiberboard. One form of fiberboard is protlucetl by| 
loading a batch of wood chips into ;i chamber wliitli J 
is then heated anil pressurized by steam. Afterabiiul J 
2 mill, the 1 OOO-lb/iu.- (6.9-megapa.scaD pressure is 
abruptly releasetl to hydrolyze and Huff the chips iittoj 
a brown fiber. The liber is refined, wasbcil, and k\ieii,4 
into a mat on a wire conveyor so that some of the -i| 
water can drain out. and dicn the mat is cut to length/^ 
for loailing on a screen into a press. At coiitrolldj 
temperalure in the press, the lignin rebonds thei" 
terial while water is driven off as steam through tlit| 
.screen. The linisheil reconstituted wood product is | 
a hard isotropic boarti as a consec|ueiice of thefeli--T 
ing of the libers and the ligneous bonding. P'*''* 
atignienled bv .svnihetic adhesive. 

AUernati\'dy a similar board is produced by aeon- 
tintioiis process. \ screw feed delivers wood chips^ 
from a hopiier to a steam prehealer where the chipy 
partially hytln>lyze in the vicinit:y of 150 
(0. 1 I MPa). The hot chips pa 
disks to discharge as pulp, w 
into sheet.s essentially as described above, 
chips may al.so be |iroces.setl entirely by grind 
further variation is to deliver ihe pulp slurry 
decide box, in which case most of the water 
moved by suction ap|ilied below tlic box before , 
mat is compressed into die finished shee 
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